
proven to regulate gene expression, demeth- 
ylation of newly expressed genes is often 
observed during differentiation. Our results 
suggest that genes transiently expressed dur- 
ing differentiation of a cell lineage may bear 
a stable residual demethylation pattern at 
later times. We have compared our results to 
other gene systems in which methylation has 
been studied, but found none that parallel 
ours in identifying a gene transiently ex- 
pressed during differentiation (including the 
globin genes in which expression of fetal 
and adult forms of a and P globins does not 
necessarily occur in the same cell). However, 
analysis of methylation patterns in other 
systems may provide a general tool for sort- 
ing out complex precursor-product relation- 
ships in hemopoetic and other cell lineages. 
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Inositol 1,3,4,5-Tetrakisphosphate Induces ca2+ 
Sequestration in Rat Liver Cells 

Inositol 1,4,5-trisphosphate [I(1,4,5)P3] is a second messenger generated along with 
diacylglycerol upon the binding of various physiological agents with their cell surface 
receptors. I(1,4,5)P3 mobilizes Ca2+ from intracellular storage sites through a recep- 
tor-coupled mechanism, and the subsequent increased intracellular free calcium ion 
concentration ([Caz+Ii) activates a multitude of cellular responses. Electropermeabi- 
lized neoplastic rat liver epithelial (261B) cells were used to  study CaZ+ sequestration, 
a process that reverses the elevated [Ca2+Ii to  resting levels and replenishes intracellu- 
lar CaZ+ pools. Although I(1,4,5)P3-mobilized Ca2+ is readily sequestered into storage 
pools by the action of Caz+-adenosine triphosphatases, CaZ+ mobilized by addition of 
the n o n m e t a b o k d  inositol trisphosphate isomer 1(2,4,5)P3 is not sequestered, 
suggesting that metabolism is necessary to  eliminate the stimulus for CaZ+ release. 
Several inositol phosphate compounds were examined for their ability to  lower the 
buffer [CaZ+] to  determine if a specific I(1,4,5)P3 metabolite might be involved in 
stimulating CaZ+ sequestration; of these, I(1,3,4,5)P4 alone was found to  induce CaZ+ 
sequestration, demonstrating a physiological role for this inositol trisphosphate 
metabolite. 

HE SECOND MESSENGER ROLE OF 

I(1,4,5)P3 as a CaZ+ mobilizing 
agent is well characterized (1). Tran- 

sient and prolonged alterations in [Ca2+li in 
response to the liberation of I(1,4,5)P3 are 
known to stimulate such diverse physiologi- 
cal functions as secretion, egg fertilization, 
and cell proliferation (2). Many enzymes are 
activated by a rise in [Caz+Ii either directly 
by free Ca2+ or through association with the 
calcium- binding protein calrnodulin (3). 
Moreover, a number of calcium-binding - 
proteins exist that might participate in im- 
portant regulatory mechanisms when com- 
plexed with caZi', for which a functional 
role has yet to be assigned (4). Although the 
release of intracellularlv stored CaZ+ induced 
by I(1,4,5)P3 appears to be receptor mediat- 
ed ( 5 )  and in tight association with calmo- 
dulin (6), the mechanism for initiating a 
reversal of high [caZ+li  after the Ca2+ mobi- 
lization response, and thereby removing the 
stirnulatory signal generated by ca2+, has 
not been identified. To studv Ca2+ seclues- 
tration we used an electropermeabilized 
neoplastic rat liver epithelial (261B) cell 
system, in which changes in buffer [ca2*] 
were monitored with the fluorescent indica- 
tor hra-2, and we found that inositol 
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1,3,4,5-tetrakisphosphate [I(1,3,4,5)P4] in- 
duces ca2+ sequestration. 

When 2 pM I(1,4,5)P3 (a maximal dose) 
was added to permeable 261B cells, there 
was a rapid release of ca2+ into the buffer, 
followed by a sequestration phase that re- 
duced the buffer [Ca2+] to starting levels 
(Fig. IA). In contrast, Ca2+ mobilized by 
2 KM I(2,4,5)P3 was not sequestered by 
intracellular membranes (Fig. 1B). This 
finding could be the result of receptor de- 

Table 1. Effect of inositol phosphate compounds 
on Ca2+ sequestration. Inositol phosphate (IP) 
compounds were added 30 s before I(2,4,5)P3, 
and the amount of Ca2+ released was determined. 
The amount of Ca2+ sequestered after a 15-min 
incubation period was determined on the same 
permeabilized cell samples. Experiments were re- 
peated ten times with similar results. 

Inositol Ca2+ released Ca2+ seques- 
phosphate by 2 pM tered in re- 

(2 PM) 
I(2,4,5)P3 sponse to IP 

(nM) 
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sensitization or the failure of cells to metab- 
olize the Ca2+ mobilizing agent. Because 
repeated release and uptake of Ca2+ by 
multiple additions of I(1,4,5)P3 occurs in 
261B cells (7),  we dismissed the possibility 
of receptor desensitization and hypothesized 
that Ca2+ sequestration involves the disso- 
ciation of I(1,4,5)P3 from its receptor and 
metabolism either to I(1,4)P2 by a 5-phos- 
phomonoesterase (8) or to 1(1,3,4,5)P4 by a 
ca2+- and calmodulin-dependent inositol3- 
kinase (9) to remove the ca2+ release stimu- 
lus. Studies of I(1,4,5)P3 metabolism in 
261B cells show that after 2 min of incuba- 
tion more than 70% of starting 
[3H]1(1,4,5)P3 was converted predominant- 
ly to [3H]I(1,4)P2 and [3H]I(1,3,4,5)P4, 
while I(2,4,5)P3, a poor substrate for the 
inositol 3-kinase (lo), remained unmetabo- 
lized throughout the 16-min incubation pe- 
riod (Fig. 2C). Levels of [ 3 ~ ] ~ ( 1 , 3 , 4 , 5 ) ~ 4  
reached a maximum at 2 min and gradually 
declined for the remainder of the experiment 
(Fig. 2A); this temporal pattern parallels the 
Ca2+ release and uptake response (Fig. lA), 
suggesting that this metabolite of I(1,4,5)P3 
might function to induce Ca2+ sequestra- 
tion. 

In further studies, we observed that addi- 
tion of I(1,3,4,5)P4 just before, but not a 
few minutes after, I(2,4,5)P3 addition (Fig. 
1, C and D) caused a reversal of the high 
buffer [Ca2+] induced by I(2,4,5)P3 in a 
dose-dependent manner (1 1). The specificity 
of I(1,3,4,5)P4 in inducing sequestration of 
released ca2+ was indicated by the fact that 
I(1,4,5,6)P4, randomly labeled I(w,x,y,z)P4, 
1(1,3,4,5,6)P5, and 1(1,2,3,4,5,6)P6, as well 
as lower inositol phosphates including 
I(1,3,4)P3, I( l)P,  I(2)P, I cyclic(l,2)P1, and 
I(1,4)P2, could not mimic the effect of 
I(1,3,4,5)P4 (Table 1). 

In the presence of I(2,4,5)P3, 
[3H]1(1,3,4,5)P4 was metabolized by 261B 
cells exclusively to I(1,3,4)P3 (Fig. 2B) at a 
rate similar to that found in the 
[3H]~(1,4,5)P3 conversion studies, an indi- 
cation that 1(2,4,5)P3 does not influence 5- 
phosphomonoesterase activity. In addition, 
the biological action of I(1,3,4,5)P4 was not 
a result of stimulating the metabolism of 
I(2,4,5)P3, because [ 3 ~ ] ~ ( 2 , 4 , 5 ) ~ 3  was not 
metabolized by our 261B cells in the pres- 
ence of I(1,3,4,5)P4 (Fig. 2C). 

Earlier studies indicated that the presence 
of I(2,4,5)P3 was required to reveal a bio- 
logical effect of I(1,3,4,5)P4 (10, 12). In 
elearopermeabilized rat liver cells, 
I(2,4,5)P3 released Ca2+ without initiating 
subsequent Ca2+ sequestration, a result ap- 
parently due to the inability of 261B cells to 
metabolize I(2,4,5)P3 because addition of 
the I(1,4,5)P3 metabolite I(1,3,4,5)P4 in 
combination with I(2,4,5)P3 produced a 

biological effect. If I(1,3,4,5)P4 was func- be increased without stimulation of Ca2+ 
tioning alone in initiating sequestration, it sequestration. We reasoned that if we could 
should do so in the absence of I(2,4,5)P3 artificially increase [Ca2+] in the cell buffer 
and in a model system where [Ca2+] could by addition of CaC12, the Ca2+ storage 

Fig. 1. Influence of I(1,3,4,5)P4 on I(2,4,5)P3- 
mobilized Ca2+ in permeable 261B rat liver epi- 
thelial cells monitored with the Ca2+ indicator 
bra-2. Tracings are the change in bra-2 fluores- 
cence in response to (A) 2 pM I(1,4,5)P3; (8 )  2 
pM I(2,4,5)P3; (C) 2 pM I(1,3,4,5)P4 followed 
30 s later with 2 pM I(2,4,5)P3; and (D) 2 pM 
I(2,4,5)P3 followed 5 min later with 2 pM 
I(1,3,4,5)P4. Arrows indicate the point of agent 
addition. The scale at the left represents the 
calculated change in [Ca2+] induced by the vari- 
ous treatments. The tracings are individual experi- 
ments representative of effects repeated 25 times. 
The cell response to 1 1 4  5 P3 was biphasic, 
composed of a rapid Cd' ;elease and a slower 
sequestration phase; I(2,4,5)P3 treaunent mobi- 
lized Ca2+ but lacked the ability to initiate Ca2+ 
sequestration. Addition of I(1,3,4,5)P4 (but not 
other inositol phosphates) with I(2,4,5)P3 re- 
versed the increased [Ca2+] induced by 
I(2,4,5)P3. Cultured 261B neoplastic rat liver 
epithelial cells were grown to confluency (14). 
Cells were removed from culture dishes by mild 
treatment with trypsin. After two washes in cold 
phosphate-buffered saline (pH 7.4), cell samples 
(15 x lo6 cells in 300 p1 of high K+ buffer: 140 
mR/I KCI, 10 mM NaCI, 10 mM Hepes, 1 mM 
MgC12; pH 7.4) were electroporated with 20 
discharges at 2 kV. Cells were washed twice with 
cold K+ b d e r  and cooled to 4°C. Samples of 
permeabilized cells (5 x lo6 cells in 0.5 ml of Kt 
buffer) were incubated for 15 rnin at 30°C after 
addition of an ATP-regenerating system: 4 rnM 
ATP, 10 mM creatine phosphate, and phospho- 
creatine kinase (250 mglml). Fura-2 (4 pM) was 
added, and changes in fluorescence were moni- 
tored at 340 nrn excitation and 500 nm emission 
at 30°C. The calcium concentration was calculated 
as described (18). 

Fig. 2. Metabolism of 
1(1,4,5)p3, 1(1,3,4,5)p4, and 
I(2,4,5)P3 in permeable 261B 
'?As. (A) [3HlI(1,4,5)P3 (2 
pM) was added to permeable 
cells and portions were 
removed at 0, 0.5, 2,4, and 
8 min. Metabolites detected 
included [3H]I(1,4,5)~3 (G), 
[3HlI(113,4,5)P4 ( a ) ,  
[3HlI(1,4)P2 (A), and 
[3HlI(113,4)P3 (A). (B) 
[3HlI(1,3,4,5)P4 (2 PM) 
was added to ~ermeable 

u 
0 4 

Time (min) 

cells and portions were re- - - - 
moved at 0 and 0.5 min. 0 2 4  6 8  0 2 4 6 8  0 4 8 12 16 

Unlabeled I(2,4,5)P3 (2 pM) Time (min) 
was then administered and 
portions were taken at 2,4, and 8 min. Radiolabeled compounds detected were [ 3 ~ ] ~ ( 1 , 3 , 4 , 5 ) ~ 4  ( 0 )  
and [3H]I(1,3,4)P3 (a). Asmall amount of [3H]I(3,4)~2 (A) was formed. (C) [ 3 ~ ] ~ ( 2 , 4 , 5 ) ~ 3  (2 wM) 
was added alone ( a )  or 0.5 min after addition of 4 pM unlabeled I(1,3,4,5)P4 ( 0 )  ; portions were 
removed at 0, 0.5, 4, 8, and 16 min. Only unmetabolized [3H]I(2,4,5)P3 was detected. 3H-labeled 
inositol phosphate (30 to 60 ~ 1 )  was added to 2 ml of electropermeabilized cells in suspension (2 x lo7 
cells) under conditions identical to those used for the Ca2+ release experiments. [3H]I(1,4,5)P3, 
[3H]I(1,3,4,5)P4, and [3H]PIP2 (phosphatidyl inositol4,5-bisphosphate) were obtained from Dupont 
Biotechnology Systems (Boston). [3H]I(2,4,5)~3 was prepared by ahline hydrolysis of [ 3 H ] ~ I ~ 2  (19). 
At each time point during the experiment duplicate portions (250 ~ 1 )  of cell suspension were w e d  
with 100 p1 of 25% trichloroacetic acid (TCA) to stop the reaction. After centrifugation (15,60Og, 15 
s the supernatant was removed and TCA extracted by five washes with water-saturated diethyl ether. 3 [ HIInositol phosphate metabolites were separated by high-performance liquid chromatography, and 
radioactivity was measured as described (20). Experiments were performed twice (in duplicate) with 
identical results. 
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Fig. 3. Effect of I(1,3,4,5)P4 on high levels of 
Ca2+ increased by exogenous addition of CaC1, to 
permeable 261B cells. Tracings of fura-2 fluores- 
cence changes are shown for individual experi- 
ments representing results that were repeated 25 
times. Cells were incubated for 15 min with excess 
CaC1, and tested as follows: (A) Permeable 261B 
cells received 300 nM CaCI,. (B) I(1,3,4,5)P4 (2 
FM) was added 30 s before 300 nM CaC1,. (C) 
Cells were incubated for 15 min more w ~ t h  
heparin (50 pgiml) to inhibit Ca2+ release in- 
duced by I(1,4,5)P3; then 2 (*M I(1,3,4,5)P4 and 
300 nM CaC1, were added. (D) I(1,3,4,5)P4 (2 
pNI) was added 5 min after 300 nM CaCl,. 
Saturation of Ca2+ pools by incubation with 
excess CaC1, desensitized the sequestration mech- 
anism to further addition of Ca2+. I(1,3,4,5)P4 
initiated the cell sequestration of added Ca2+ in 
the absence of other inositol phosphates. 

pools might reach a point at which the 
sequestration mechanism was downregulat- 
ed. Initial addition of 300 nM ca2+ to cell 
suspensions was sequestered into the Ca2+ 
storage pools and desensitized the Ca2+ 
uptake mechanism to further additions of 
ca2+.  A second addition of Ca2+ increased 
[Ca2+] without subsequent sequestration 
(Fig. 3A). When a mixture of 2 PM 

1(1,3,4,5)P4 and 300 nM Ca2+ (Fig. 3B) 
was added to the cell suspension, [ca2+] 
rapidly increased and levels returned to 
starting values over a 10- to 15-min period. 
Moreover, I(1,3,4,5)P3 could initiate se- 
questration of Ca2+ even when added sever- 
al minutes after [ca2+] was elevated (Fig. 
3D). We conclude that I(1,3,4,5)P4 induced 
this phenomenon by itself and has no func- 
tional requirement for I(2,4,5)P3. Further, 
heparin, which inhibits I(1,4,5)P3 binding 
to high-affinity receptors (13) and inhibits 
the physiological receptor mediating 
I(1,4,5)P3-induced Ca2+ release (14), had 
no effect on I(1,3,4,5)P4-induced Ca2+ se- 
questration (Fig. 3C), indicating that 
I(1,3,4,5)P4 interacts at a receptor site sepa- 
rate from the I(1,4,5)P3 receptor site. 

Our experiments demonstrate that 
I(1,3,4,5)P4 stimulates permeable 261B 
cells to reduce Ca2+ levels raised by 
I(2,4,5)P3 or CaC12 addition. These results 
suggest that not only is phosphorylation of 
the second messenger I(1,4,5)P3 necessary 
to remove the stimulus for Ca2+ mobiliza- 
tion, but the newly formed metabolite 
I(1,3,4,5)P4 serves as the inducer of Ca2+ 
sequestration by a receptor-mediated mech- 
anism. The mechanism of 1(1,3,4,5)P4-in- 
duced Ca2+ sequestration is unknown but is 
not the result of I(1,3,4,5)P4 displacing 
I(2,4,5)P3 from its receptor, because 
I(1,3,4,5)P4 binds to the I(1,4,5)P3 recep- 
tor and to the I(2,4,5)P3 receptor with a 
much lower a h i t y  than I(2,4,5)P3 (13, IS), 
and the I(1,4,5)P3 receptor inhibitor hepa- 
rin had no effect on I(1,3,4,5)P4-induced 
ca2+ sequestration. 

Receptor occupancy by I(2,4,5)P3 influ- 
ences the action of I(1,3,4,5)P4, possibly 
through a feedback inhibition mechanism. 
I(1,3,4,5)P4 failed to reverse the increased 
buffer [ca2+] when administered a few min- 
utes after I(2,4,5)P3 addition, although it 
was capable of reversing high ca2+ levels 
when given after CaC12 and in the absence of 
1(2,4,5)P3. 

I(1,3,4,5)P4 probably functions by inter- 
action at specific binding receptors. High- 
affinity I(1,3,4,5)P4 binding sites have re- 
cently been described in membranes of HL- 
60 cells (16) and various rat tissues (1 7). 
These specific binding sites might be phys- 

iological receptors coupled to the adenosine 
triphosphate (ATP)-dependent Ca2+ trans- . . 

port system responsible for sequestering 
Ca2+. Therefore, it appears that the tightly 
regulated [Ca2+Ii, which is increased by 
1(1,4,5)P3-induced opening of Ca2+ chan- 
nels, is reduced to resting levels by metabolic 
generation and action of I(1,3,4,5)P4 and 
thus involves receptor-coupled mechanisms 
to both activate and deactivate intracellular 
membrane ca2+ fluxes. 
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